Purpose: Hyperpolarized 129 Xe magnetic resonance imaging (MRI) using Dixon-based decomposition enables single-breath imaging of 129 Xe in the airspaces, interstitial barrier tissues, and red blood cells (RBCs). However, methods to quantitatively visualize information from these images of pulmonary gas transfer are lacking. Here, we introduce a novel method to transform these data into quantitative maps of pulmonary ventilation, and 129 Xe gas transfer to barrier and RBC compartments. Methods: A total of 13 healthy subjects and 12 idiopathic pulmonary fibrosis (IPF) subjects underwent thoracic 1 H MRI and hyperpolarized 129 Xe MRI with one-point Dixon decomposition to obtain images of 129 Xe in airspaces, barrier and red blood cells (RBCs). 129 Xe images were processed into quantitative binning maps of all three compartments using thresholds based on the mean and standard deviations of distributions derived from the healthy reference cohort. Binning maps were analyzed to derive quantitative measures of ventilation, barrier uptake, and RBC transfer. This method was also used to illustrate different ventilation and gas transfer patterns in a patient with emphysema and one with pulmonary arterial hypertension (PAH). Results: In the healthy reference cohort, the mean normalized signals were 0.51 AE 0.19 for ventilation, 4.9 AE 1.5 x 10 -3 for barrier uptake and 2.6 AE 1.0 9 10 -3 for RBC (transfer). In IPF patients, ventilation was similarly homogenous to healthy subjects, although shifted toward slightly lower values (0.43 AE 0.19). However, mean barrier uptake in IPF patients was nearly 29 higher than in healthy subjects, with 47% of voxels classified as high, compared to 3% in healthy controls. Moreover, in IPF, RBC transfer was reduced, mainly in the basal lung with 41% of voxels classified as low. In healthy volunteers, only 15% of RBC transfer was classified as low and these voxels were typically in the anterior, gravitationally nondependent lung. Conclusions: This study demonstrates a straightforward means to generate semiquantitative binning maps depicting 129 Xe ventilation and gas transfer to barrier and RBC compartments. These initial results suggest that the method could be valuable for characterizing both normal physiology and pathophysiology associated with a wide range of pulmonary disorders.
INTRODUCTION
Hyperpolarized 129 Xe MRI has emerged in recent years as a promising means for breath-hold 3D imaging of pulmonary function. In addition to being well-tolerated 1,2 and free of ionizing radiation, 3 129 Xe is particularly remarkable for its high solubility and accompanying wide chemical shift range. 4 When inhaled, 1-2% of the xenon gas diffuses into pulmonary barrier tissues (consisting of interstitial tissue and plasma), and red blood cells (RBCs), 5 where it exhibits Ostwald solubilities of 0.1 and 0.27, respectively. 6 This solubility in conjunction with associated resonant frequency shifts of 198 ppm in barrier tissues and 217 ppm in RBCs 5 make 129 Xe an ideal, noninvasive probe of pulmonary gas transfer. To date, a variety of methods have exploited these properties to encode various aspects of the gas transfer process from airspace to barrier to RBCs in healthy controls and patients with pulmonary disease. [7] [8] [9] [10] Our initial work demonstrated that the simple, spectroscopically derived, ratio of 129 Xe signal in RBCs to barrier tissues provided a global probe of gas transfer efficiency that correlated well with the diffusing capacity for carbon monoxide (DL CO ). 5 However, it is necessary to move beyond global metrics of gas transfer to enhance sensitivity to regional disease. Despite only~2% of 129 Xe residing in the dissolved phase at any given instant, continuous transfer of 129 Xe from the airspaces allows almost all the inhaled magnetization to be utilized for 3D imaging of dissolved 129 Xe in a single breath. 11 Qing et al. used this in conjunction with the hierarchical Iterative Decomposition of water and fat with Echo Asymmetry and Least squares estimation (IDEAL) method, 12 to enable separate imaging of 129 Xe transfer from airspaces to the barrier and RBC compartments in a single breath. 13 This approach was first used to show that patterns of gas transfer in smokers and patients with asthma differed from those in healthy volunteers. 13 Following this, our own group employed interleaved 3D radial imaging of gas and dissolved-phase 129 Xe and used a one-point Dixon method to separate the gas-phase and dissolved-phase resonances to acquire single-breath isotropic images of 129 Xe in the airspaces, barrier, and RBCs. 4 Relative to the IDEAL method, this approach uses a single, submillisecond TE, which helps to mitigate the effects of short 129 Xe T 2 * in the dissolved phase (2.0 AE 0.07 ms at 1.5 T). 14 This work revealed that patients with idiopathic pulmonary fibrosis (IPF) had severely diminished RBC uptake in regions of fibrosis seen on CT.
Although these early images of gas transfer impairment represent an important technical advancement, methods to quantify and interpret such acquisitions are still in their infancy. To date, the most powerful marker of gas transfer impairment appears to be the RBC:barrier ratio. 4, 5 However, while low RBC:barrier is indicative of decreased gas transfer, it cannot identify whether this is caused by decreased RBC uptake, increased barrier uptake, or a combination of both. To quantify these effects independently requires first accounting for changes in regional ventilation, which provides the source magnetization for the dissolved compartments. Thus, using this airspace signal to divide the RBC and barrier images on a voxel-by-voxel basis enables the transfer efficiency to each compartment to be quantified. 13 However, given the relatively low SNR of dissolved-phase images and the insufficient ventilation of some regions to permit analysis, careful masking is required prior to Dixon decomposition and division. Moreover, it is also desirable to quantify the ventilation distribution itself, which requires using a thoracic cavity mask for intact segmentation. 15 Combining these strategies should enable quantitative mapping of the 129 Xe distribution in all three compartments from a single acquisition.
Once the RBC and barrier maps have been voxel-wise normalized by gas-phase signal, the resulting maps must be processed to ensure effective visualization and quantification. Given the limited dynamic range of intensities, the images are generally not well represented by a simple continuous color map. Instead, we propose here an approach that highlights both defects and hyperintense regions, by classifying the data into a limited set of bins. Such binning is rooted in semiautomated segmentation methods that were initially developed to analyze 3 He ventilation MRI. Kirby et al.
introduced methods for semiautomatic segmentation using 1 H MRI of the thoracic cavity. 16 More recently, Zha et al. have used K-means clustering to quantify 3 He MRI intensities into four or five bins. 17 Alternatively, our group has introduced a relatively straight-forward linear binning algorithm using thresholds and bin widths derived from a healthy reference population. 18 Here, we illustrate the use of a similar linear binning approach to depict quantitative maps of 129 Xe in airspaces and its uptake in barrier and RBC compartments. We first detail the key image processing methods required to produce robust maps of the barrier:gas and RBC:gas ratios. We then use this approach to characterize the airspace, barrier:gas, and RBC:gas distributions in a reference population of healthy volunteers. From this reference cohort, we derive the binning thresholds used to visualize all subsequent maps. We then demonstrate the sensitivity of the method for detecting both defects and enhancements of barrier and RBC transfer in a population of patients with IPF, a form of interstitial lung disease that limits the ability of the alveoli to participate in gas transfer. 19 This patient population is therefore particularly appropriate to evaluate the proposed image analysis method.
MATERIALS AND METHODS

2.A. Inclusion and exclusion criteria for subjects
This study was conducted under protocols approved by the Duke University Institutional Review Board. Prior to participating, all subjects provided written informed consent. A total of 13 healthy subjects (ages = 43 AE 22 years, FVC = 93.9 AE 14.1%, DL CO = 92.9 AE 16.4%) and 12 IPF subjects (ages = 66 AE 15 years, FVC = 64.6 AE 18.9%, DL CO = 47.8 AE 13.6%) were enrolled. All subjects were at least 18 years old and had no cardiac arrhythmias. Healthy control subjects had no history of smoking and had never been diagnosed with any pulmonary disorders. IPF subjects were diagnosed and confirmed by CT or biopsy, according to American Thoracic Society guidelines. 19 Subjects were excluded if they had a respiratory illness within 30 days of MRI, or if they were pregnant or lactating.
2.B.
129 Xe polarization and delivery
Isotopically enriched 129 Xe (85%) was polarized to~20% by rubidium vapor spin-exchange optical pumping 20 using a commercially available polarizer (Model 9810, Polarean, Inc., Durham, NC, USA). Hyperpolarized 129 Xe was cryogenically accumulated and thawed into a Tedlar bag. Each 129 Xe dose was topped with ultra-high-purity helium to achieve a consistent 1-L volume. Immediately prior to delivering the dose to the subject, 129 Xe polarization was measured using a polarization measurement station (Model 2881, Polarean, Inc. Durham, NC, USA).
Subjects were first instructed to inhale to total lung capacity (TLC) and exhale to functional residual capacity (FRC) twice. They then inhaled the full 1-L volume and held their breath for the 13-to 15-second scan. Throughout the study, an MR-compatible monitoring system (Expression Model 865214, Invivo Corporation, Orlando, FL, USA) was used to monitor the subject's heart rate and oxygen saturation.
2.C. Calibration spectra and image acquisition
All MRI was performed on a 1.5 T GE Healthcare 15M4 EXCITE MRI scanner. Subjects were fitted with a quadrature 129 Xe vest coil (Clinical MR Solutions, Brookfield, WI, USA), which was proton blocked to enable 1 H MRI using the body coil without repositioning the subject. Acquisition details were similar to those described previously, 4 but are briefly reviewed here. First, a spectroscopic calibration scan was obtained using a dose equivalent (DE) of 37.7 AE 9.3 ml (DE is the volume of 100% polarized 100% isotropically enriched 129Xe that would yield the same effective magnetization as the dose administered 21 ). This was used to determine the echo time (TE) at which the RBC and barrier resonances are 90°out of phase (TE 90 ). Here, TE is defined as the time from the center of the RF pulse to the start of sampling. This calibration scan consisted of 50 FIDs, acquired using a 1.2-ms, 3-lobe sinc pulse with~20°flip angle (20.4 AE 1.7°) to minimize off-resonance gas excitation, 8-kHz bandwidth (BW), TE/TR = 0.875/50 ms, 512 samples. Subsequently, a second DE of 126.8 AE 27.5 mL 129 Xe was administered to obtain an image of the 129 Xe distribution in both the gas and dissolved phases. By interleaving 129 Xe gas and dissolved views in a 3D radial sequence, the images were acquired effectively simultaneously. The imaging parameters were nearly identical for the gas/dissolved excitations: radial projections: 1001/1001 (excitations during interleaving acquisition), 64 samples per radial projection, BW = 15.625 kHz, 1.2 ms, 3-lobe sinc pulse, TE/TR = TE 90 /7.5 ms, and FOV = 40 cm. The only difference was that the flip angle was~20°for the dissolved-phase views, whereas that applied to the gas phase was~0.5°.
After the interleaved 129 Xe scan, an additional 1 H breath-hold 3D radial scan was acquired to delineate the thoracic cavity and provide structural context to the functional 129 Xe images. This 1 H image was volume matched to the 129 Xe scan by having subjects inhale 1 L of room air from FRC. The imaging parameters were as follows: flip angle = 5°(132-ls hard pulse), TR/TE = 2.4/0.199 ms, FOV = 40 cm, 64 samples per radial projection, and BW = 15.625 kHz.
2.D. Image reconstruction
The radially acquired 129 Xe datasets were reconstructed using previously described non-Cartesian gridding methods, optimized for HP 129 Xe MRI. 22 129 Xe gas and dissolved imaging data were separately reconstructed with identical parameters: 39 over-gridding, matrix size = 64 3 , a Gaussian interpolation kernel with r = 0.14 and a kernel extent of 9r = 1.26 pre-over-gridded k-space voxels, and 25 iterations of calculating sample densities for density compensation. 23 This sharp kernel sacrifices minimal image resolution to preserve the SNR of the 129 Xe dissolved image. 22 The 129 Xe gas-phase image was reconstructed identically, but because it had higher SNR, it also underwent a second reconstruction using r = 0.32 and 9r = 2.88 pre-over-gridded k-space voxels to generate a ventilation image with higher resolution. This second reconstruction was used for quantitative ventilation mapping, described below. The 1 H thoracic cavity data were reconstructed onto a 64 3 matrix with 39 over-gridding, a Gaussian kernel with r = 0.3 and extent of 9r = 2.7 preover-gridded k-space voxels, and 25 iterations of calculating sampling densities (Fig. 1 ).
2.E. Quantitative analysis
2.E.1. Delineating the thoracic cavity
To constrain the ventilation analysis, the breath-hold 1 H image was segmented to generate a mask of the thoracic cavity. In healthy subjects, this was readily achieved by semiautomatic segmentation as done previously. 4 However, in IPF patients, such segmentation was confounded by the presence of fibrosis. Therefore, in these patients, a 1 H lung template was constructed from the 1 H images of 10 IPF subjects using advanced normalization tools (ANTS, http://picsl.upenn.edu/ ANTS/). 24 This template was then registered to the shape of the individual patient's 1 H scan and segmented to generate the lung mask. For both healthy and IPF cohorts, this mask was further refined to better delineate sharp edges near the diaphragm using an active contour model. [25] [26] [27] The 1 H MRIderived thoracic cavity masks were then registered to the high-resolution 129 Xe gas image by affine transformation. The 129 Xe gas image, in addition to undergoing its own linear binning analysis, was also used to further refine the thoracic cavity mask applied for barrier and RBC mapping. Specifically, pixels where the ventilation signal was two standard deviations lower than the mean were removed from the mask (Fig. 1) . 28 
2.E.2. Decomposing RBC and barrier images
The 129 Xe dissolved-phase image was decomposed into separate RBC and barrier images by the Dixon method described previously. 4 The 129 Xe dissolved image, which was acquired at TE 90 such that the RBC and barrier signals were 90°out of phase, was phase shifted to align the RBC and barrier signals into the real and imaginary components of the image. The phase shift was set such that the aggregate imagederived RBC:barrier ratio within the lung mask matched the ratio derived from whole-lung spectroscopy. This ratio was corrected for the effects of differences in TE between calibration and imaging to account for slight differences in RBC: barrier ratio that arise from the slightly shorter T2* of RBC versus barrier, as previously described. 4 Subsequently, the complex image was further corrected for B 0 inhomogeneity using a phase map derived from the single-resonance 129 Xe gas-phase image. After this, any small residual negative signal in either channel was set to zero (< 1% of voxels for barrier and < 5% for RBC).
2.E.3. Normalizing images for quantitative analysis
To enable lung function maps to be quantitatively compared across subjects, the raw intensities of the RBC, barrier, and gas images were first corrected for T2* decay resulting from slight differences in TE 90 (healthy: 1.00 AE 0.063 ms, IPF: 0.95 AE 0.173 ms. Note that, for this work, TE 90 values were measured from the center of the RF pulse, rather than from its end; 4 thus, TE 90 values presented here are longer than those indicated previously). The dissolved-phase components were back extrapolated to t = 0, using T2* = 2 ms, 29 whereas the gas-phase was corrected to t = 0 using T2* = 50 ms. 30 In addition, the 129 Xe gas-phase image intensity was increased by sin(20°)/sin(0.5°) = 39 to account for the higher flip angle applied to the dissolved versus gas-phase images. Finally, the T2*-corrected RBC and barrier images were divided by the T2*-and flip-angle-corrected 129 Xe gas image to create RBC:gas and barrier:gas maps that normalized differences in polarization and inhaled gas volume across subjects. The high-resolution gas-phase image itself was normalized by its top percentile of intensities as described previously. 15, 18 This approach normalizes dose variations and rescales intensities to range from 0 to 1 (Fig. 1 ).
2.E.4. Binning map generation
To facilitate visualization and quantitative analysis, the normalized 129 Xe gas, RBC:gas, and barrier:gas images were processed using linear binning according to methods previously described for 129 Xe ventilation MRI in. 15 The normalized 129 Xe gas image and RBC:gas images were mapped into six bins, and the barrier:gas image was mapped into eight bins to cover its broader dynamic range. With the exception of the lowest and highest bins, each bin had a width equal to the standard deviation of the collective distribution derived from the healthy young reference population, as determined by a Gaussian fit. This reference population consisted of 10 of the 13 healthy subjects (n = 10, age 26 AE 4 yr) who exhibited no visually apparent ventilation defects. Each bin was assigned a color that provided noticeable contrast and transitioned smoothly between adjacent bins. In every map, bins 3 and 4 were positioned on either side of the mean of the appropriate healthy reference distribution.
2.E.5. Bin-wise analysis
For each subject, ventilation maps were quantified according to the fraction of voxels falling into the lowest bin, or ventilation defect region (VDR); the next bin, or low ventilation region (LVR); and the highest 2 bins, or high ventilation region (HVR). 15 For barrier:gas, we report the fraction in the lowest two bins (Barrier Low ), as well as the fraction falling in the highest two bins (Barrier High ). For RBC:gas maps, we also report the fraction of voxels falling in the lowest two bins (RBC Low ) and the highest two bins (RBC High ). The percentage of voxels in each bin was compared between the IPF and healthy cohorts using a two-sided student's t-test. A significance level of 5% (P < 0.05) was used for all comparisons.
RESULTS
129 Xe inhalation was well tolerated by subjects and any side effects (euphoria, tingling, etc.) resolved within 2 min, consistent with prior studies. 1 The 129 Xe polarization levels at time of administration were 17.9 AE 5.7%, which combined with xenon volumes of 739.3 AE 120.5 ml, yielded the delivered dose equivalents of DE = 126.8 AE 27.5 ml. Images of dissolved-phase 129 Xe had SNR = 43.4 AE 16.1, and after Dixon separation, the barrier images had SNR = 36.0 AE 12.2, whereas RBC images had SNR = 18.9 AE 6.1.
3.A. Delineating the thoracic cavity
Figure 2(a) shows that the thoracic cavity of a representative healthy volunteer was readily amenable to automatic segmentation, owing to the distinctive air/tissue contrast. However, as shown in Fig. 2(b) , in IPF patients, the presence of signal intensity arising from regions of fibrosis caused significant error in the segmentation, as seen predominantly in the peripheral and basal lung. However, using the template IPF lung registered to this patient's thoracic cavity (Fig. 2(c) ) effectively averaged out the signal intensity associated with fibrosis, and thus restored the required lung/tissue contrast to enable robust segmentation. Figure 3 depicts the nearly Gaussian population-averaged distributions of ventilation, RBC:gas, and barrier:gas in the healthy reference population. Their mean and standard deviations, noted on each figure, were used to define the thresholds of intensity bins used to display subsequent maps, with colors depicted above the histogram. The color coding for ventilation and RBC maps used the same scheme as previously introduced:
3.B. Defining bin thresholds from the healthy reference population
15 red for defects, orange for low intensity, greens for the two bins around either side of the mean of the reference population, and blues for higher intensities. For the barrier maps, the first four colors were the same as for the ventilation and RBC maps. However, to allow for visualization of the high barrier signal anticipated in IPF patients, the highest bins were assigned pink and purple colors. Figure 4 shows the ventilation, RBC:gas, and barrier:gas maps in both the coronal and axial planes, along with their associated histograms, for a representative healthy subject. The ventilation map exhibits a largely homogeneous distribution in both planes, with a few regions of low intensity at the lung periphery. Similarly, the barrier distribution is largely homogeneous, with a subtle anterior-posterior (AP) gradient, evident in the axial plane. The RBC:gas distribution is also reasonably homogenous, again with a subtle AP gradient visible in the axial plane.
3.C. Quantitative mapping in a healthy control subject
To the right of each map are the corresponding histograms compared to the Gaussian fit of the aggregate healthy reference distribution (dashed line). This healthy subject exhibited a ventilation distribution similar to the reference line, with a low VDR (< 1%), HVR (7%), and modest LVR (17%). Similarly, both barrier and RBC maps are normally distributed, symmetrically around the mean of healthy reference distribution. The barrier map exhibits few voxels in either the low (3%) or high (< 1%) bins. For the RBC distribution, 13% of voxels fall into RBC Low ; however, these are found primarily in the anterior, gravitationally nondependent lung. On the RBC map, 13% of voxels exhibit a high intensity, and are found in the gravitationally dependent lung. Figure 5 shows ratio maps of a representative IPF patient in the same format, illustrating a striking contrast to the healthy control. The ventilation map is relatively homogeneous, with minimal defects (VDR = 3%), modest LVR (21%), but somewhat low HVR (8%). This is also reflected in the histogram, which is not dissimilar from the reference distribution. However, the barrier:gas maps exhibit dramatically increased 129 Xe uptake, with most voxels falling in the three highest intensity bins. Furthermore, the increased uptake is not homogeneous, but is more prominent in the lung periphery. The barrier:gas histogram, although remaining Gaussian, is greatly shifted toward high ratios, with nearly all voxels falling in the high-intensity tail (Barrier High = 74%). The RBC:gas maps also exhibit significant defects, which predominate in the peripheral and basal lung. Unlike in the healthy subject, the RBC distribution does not exhibit a detectable A-P gradient. The distribution of RBC:-gas intensities is non-Gaussian and skewed toward lower ratios, with a large percentage of voxels falling in the lowintensity tail (RBC Low = 52%). Figure 6 compares the distribution of the mean fractions of binned intensities for ventilation, barrier, and RBC compartments between the healthy and IPF cohorts. Ventilation in healthy subjects has a somewhat higher mean of 0.51 AE 0.19 versus 0.43 AE 0.19 in IPF. Analyzing the distribution along the intensity bins shows that all but bin 3 contained significantly lower fractions of pixels in IPF patients versus healthy subjects.
3.D. Quantitative mapping in an IPF subject
3.E. Quantitative histogram analysis in IPF versus control subjects
The difference between healthy and IPF subjects is most dramatic in the barrier:gas distribution. In healthy controls, the barrier:gas intensities are normally distributed such that the low-and high-intensity bins are fairly symmetrically populated, with the bulk of counts falling in bins 3 and 4. However, in IPF subjects, the barrier uptake distribution is heavily skewed toward higher intensities, resulting in a broader range and a mean of 9.1 AE 2.4 9 10 À3 , nearly double that of normal subjects (5.1 AE 1.8 9 10 À3 ). In IPF patients, all but bins 1 and 5 contain significantly different populations than in healthy volunteers. In IPF subjects, less than 1% of voxels fall in Barrier Low , compared to 14% in healthy controls (P = 0.006). By contrast, the fraction of voxels in the two highest intensity bins (Barrier High = 47%) is nearly 169 higher in IPF than in healthy subjects (Barrier High = 3%, P < 0.001).
The RBC:gas histogram also highlights a significantly different binning distribution between these two cohorts. In IPF patients, the RBC:gas histogram is skewed toward lower ratios, resulting in a mean value (1.9 AE 1.2 9 10 À3 ) roughly 70% that of healthy subjects. This is also evident in the two lowest bins being significantly more populated in IPF than healthy subjects. RBC Low is 41% in IPF patients, representing a 2.7-fold greater fraction of the lung than the 15% seen in healthy controls (P < 0.001). However, both cohorts exhibit small, but similar fractions of voxels in RBC High .
3.F. Quantitative mapping in emphysema and pulmonary arterial hypertension subjects
Although the majority of the work presented here focused on IPF and has shown enhanced barrier and decreased RBC transfer in IPF, it is helpful to also illustrate the ability of the method to detect ventilation or gas transfer impairments caused by other conditions. One such example is shown in Fig. 7 , depicting a patient with CT-confirmed emphysema caused by alpha1-antitrypsin deficiency. In this case, the 129 Xe gas-phase image reveals substantial ventilation defects (VDR = 23%) and low ventilation (LVR = 30%). In the ventilation defect region, 129 Xe gas transfer cannot be further evaluated. However, in the remaining lung, gas transfer to barrier tissues is significantly reduced compared with the healthy cohort (Barrier Low = 87%), whereas virtually no pixels exhibit high barrier uptake (Barrier High < 1%). Many of the regions of low barrier transfer also exhibit low RBC transfer (RBC Low = 34%). Transfer to RBCs is significantly decreased in the anterior and apical lung.
A second example (Fig. 8) illustrates the application of the method in a patient with mild pulmonary arterial hypertension (PAH), on whom we had previously reported. 31 The patient had borderline pulmonary hypertension (pulmonary artery pressure of 21 and pulmonary vascular resistance of 2.4 Woods Units), in whom lung biopsy revealed severe and focal arteriopathy. This patient exhibits few ventilation defects (VDR = 2%), slightly elevated LVR of 27%, and moderate HVR (11%), as well as mildly enhanced barrier FIG. 3. Aggregate gas, barrier:gas, and RBC:gas reference distributions derived from the reference population of 10 healthy subjects, along with their means and standard deviations and the associated color bins. Each bin width was one standard deviation, with exception of lowest and highest bins, which were adjusted to fit the remainder of the distribution. Ventilation defect region (VDR), low ventilation region (LVR), and high ventilation region (HVR) are defined in the ventilation map. Barrier Low , Barrier High , RBC Low , and RBC High are quantitative metrics reported in subsequent ratio maps. [Color figure can be viewed at wileyonlinelibrary.com] uptake (Barrier High = 2%). However, RBC transfer is significantly diminished (RBC Low = 77%, RBC High < 1%), with numerous defects evident in the right lung.
DISCUSSION
The methods outlined here provide an effective means to transform simultaneously acquired images of 129 Xe in airspace, barrier, and RBC compartments into quantitative functional maps. However, generating such maps requires specific attention to using appropriate masks and corrections to ensure meaningful comparison across subjects and over time.
4.A. Template effectively segments IPF lungs despite fibrosis
To produce quantitative ventilation binning maps, a mask must first be generated from the 1 H thoracic cavity image. 4, 15, 21 This segmentation is uniquely challenging in patients with IPF because they often exhibit significant 1 H signal in regions of fibrosis. 32 In fact, 12 of 19 IPF scans were not amenable to segmentation by conventional threshold-based methods. This problem was effectively overcome by generating a 1 H MRI template from the images of 10 IPF patients. In this way, the heterogeneity of fibrosis was averaged out across the cohort to restore the necessary lung/tissue contrast required for segmentation. The template was constructed from IPF patients rather than healthy volunteers, given their significantly different lung morphology. For this study, 10 subjects were sufficient to adequately represent the heterogeneity of lung shape and fibrosis distributions encountered.
4.B. Quantitative ventilation mapping
In this study, the mean and standard deviation of the normalized ventilation histogram of our healthy reference population derived from 3D radial imaging (0.51 AE 0.19) were very similar to what we recently reported with multislice GRE acquisitions (0.51 AE 0.18). 18 Moreover, the reference distribution derived from these lower resolution radially acquired images was of very similar Gaussian shape as those derived from high-resolution multislice GRE images, described by He et al. 18 The reference distribution found here is slightly broader, which is likely attributable to using a fully 3-D sequence that more faithfully captures the gravitational ventilation gradient. 21 Using this reference distribution to determine binning thresholds permitted analysis of the ventilation distribution in patients with IPF. Although ventilation defects are a hallmark of obstructive lung diseases such as asthma, chronic obstructive pulmonary disease (COPD), and cystic fibrosis, 15 ,33-36 we find they are not a major feature in Nonetheless, the capability to generate such quantitative ventilation maps in the same breath as the gas transfer maps should provide a valuable adjunct across a range of diseases. This is illustrated in the subject with emphysema, who exhibited significant ventilation defects, as well as the patient with PAH, where ventilation was relatively normal. Thus, when used to evaluate the causes of dyspnea, the ability to quantify both ventilation and gas transfer from a single scan will likely prove useful.
4.C. Gas-normalized regional maps quantify RBC and barrier transfer
The gas normalization techniques used here, first proposed by Qing et al., 37 enable the RBC and barrier transfer to be intuitively visualized and placed on a quantitative footing. Dividing the RBC and barrier signals by the concurrently acquired 129 Xe gas signal on a voxel-by-voxel basis provides a direct and normalized measure of gas transfer to each compartment. But doing so requires first correcting the source images for differences in flip angles used for the gas-and dissolved-phase excitation, as well as for the effects of T2* at the TE used. 13 Given the short T2* of dissolved-phase 129 Xe, this correction has a particularly large effect, and in our study eliminated intensity variations in order~35%.
4.D. Healthy reference population values for barrier and RBC transfer
Establishing appropriate thresholds for barrier and RBC maps requires first characterizing these distributions in a healthy reference population. 18 From the reference group, this analysis returned mean values of barrier:gas = 4.9 AE 1.5 9 10 À3 and RBC:gas = 2.6 AE 1.0 9 10 À3 . Dividing these measures results in RBC:barrier = 0.53 AE 0.18, which corresponds well to our previously published spectroscopically derived ratio of 0.55 AE 0.13. 5 Interestingly, while RBC:gas is similar to that found by Qing et al. (RBC:-gas = 3.4 AE 0.5 9 10 À3 ), 37 our value of barrier:gas is roughly a factor of 2.4 smaller than reported by Qing (barrier:gas = 11.9 AE 1.4 9 10 À3 ). Although some of this discrepancy could be attributable to lung inflation differences 37, 38 and acquisition parameters, the difference in barrier values is perplexing, given that TR and flip angle were relatively similar between the two studies. (The TR of 7.5 ms used in our interleaved acquisition results in an effective TR of 15 ms applied to the dissolved phase, similar to the TR of 19 ms used by Qing et al.) While future efforts are needed to reconcile such differences between centers, we were able to use our distributions as a robust reference framework for generating binning maps of barrier and RBC uptake. 
4.E. Barrier transfer is enhanced in IPF
Arguably, the most striking feature found in these functional gas transfer maps is the enhancement of barrier uptake in patients with IPF. The mean barrier uptake was nearly 29 higher than in healthy controls and binning-wise analysis provides yet greater sensitivity by showing that the number of voxels contributing to Barrier High was nearly 16-fold higher in the IPF cohort than in healthy controls. While barrier transfer was enhanced in IPF, its intensity distribution retained a roughly Gaussian shape, although the spatial distribution was not necessarily homogeneous; many patients exhibited higher uptake in the lung periphery. This observation is consistent with the histologic and radiographic evidence of fibrosis seen in IPF, which is also peripheral. 19 Given the large flip angle and short TR used in these acquisitions, 129 Xe signal is largely confined to the gas exchange units of the lung. Thus, the enhancement in barrier signal can be interpreted as increased interstitial thickening at the level of the alveolar septa. 39 Together, these observations highlight the potential of barrier uptake to serve as a marker of therapy response in IPF. 40 
4.F. RBC transfer is impaired in IPF
The mapping techniques described here suggest that in healthy volunteers, RBC transfer is largely homogeneous, as previously reported by Qing. 13 Healthy subjects tend to exhibit a modest anterior-posterior gradient, consistent with increased perfusion and capillary blood volume in the gravitationally dependent lung. [41] [42] [43] Similarly, when low RBC transfer is observed in healthy volunteers, it is typically confined to the anterior lung, and rarely, if ever, in the gravitationally dependent lung. By contrast, IPF patients exhibit reduced RBC transfer and focal defects, primarily in the basal and peripheral lung. This is noteworthy given that it is in these regions where fibrosis is detected on CT. 19 Given the spatial correspondence between RBC transfer defects and locations of fibrosis seen on structural imaging, these defects may serve as a marker of diminished perfusion 5 and may correspond to nonrecoverable areas of disease.
4.G. Interpreting combined RBC and barrier maps
Previous work had reported a robust correlation between the spectroscopically derived RBC:barrier ratio and DL CO (R = 0.89). 5 However, the ability to now characterize barrier and RBC separately permits us to observe that barrier signal is often enhanced throughout the lung, whereas RBC transfer is diminished more focally. This suggests that globally diminished RBC:barrier in IPF 4 is primarily attributable to increased barrier thickness. In this case, the twofold increase in mean barrier uptake may explain a significant portion of the 1.99 decrease in DL CO in our IPF cohort. Remarkably, in many other areas, significantly enhanced barrier signal coexists with normal or even high RBC transfer. This mismatch reveals that barrier thickening is not necessarily immediately accompanied by decreased transfer to RBCs. This may suggest that such regions correspond to earlier stages of the disease and could potentially be targets for therapeutic response. However, some regions do exhibit high barrier uptake, coupled with low RBC transfer. This may point to fibrosis that has advanced sufficiently to impair transfer to the RBCs. 4, 5 Previous modeling has shown that only a~5-lm increase in the thickness of the interstitial barrier can significantly delay the RBC transfer. 44 And finally, in some patients with very advanced disease we observe reduced RBC transfer in regions where barrier uptake appears to have returned to the normal range. However, those regions typically also exhibit severe fibrosis, detectable even on structural proton MRI. This may be indicative of scarring that has progressed to the point that xenon is no longer soluble in, or diffuses much more slowly into the underlying structures. 45 
4.H. Applying the method to diseases beyond IPF
Although here we have applied gas transfer mapping primarily to patients with IPF, our initial testing in other diseases strongly suggests the method is more broadly applicable. The patient with emphysema exhibits transfer patterns that are distinct from both healthy subjects and IPF patients. This patient has significant ventilation defects, but more striking is the abnormally low xenon transfer to the barrier tissues. In many regions of low barrier transfer, RBC transfer was also diminished. This is consistent with the pathophysiology of emphysema, which impairs gas transfer by diminishing the tissue surface area. 46 ,47 Yet another example is illustrated by the patient with PAH. Like in IPF, ventilation remains relatively normal, whereas transfer to RBCs is significantly impaired. This patient also exhibits a modest increase in barrier transfer, which may be caused by the higher pulmonary vascular pressures. Future work will be needed to discriminate the gas transfer patterns in IPF from those of PAH. 31 However, this initial inspection suggests that the distribution of impaired RBC transfer and enhanced barrier uptake is very different between the two diseases. If such Medical Physics, 44 (6), June 2017 discrimination can be established, then the ability to comprehensively assess ventilation, barrier transfer, and RBC transfer in a single exam could become potentially attractive for characterizing a broad array of pulmonary disease phenotypes.
4.I. Study limitations
This study of quantitative 129 Xe gas transfer mapping has several limitations. First, acquiring calibration spectra and dissolved-phase images in separate breath-hold acquisitions is susceptible to errors caused by breath-to-breath RBC:barrier variation. Although previous work suggests that RBC: barrier has a within-session reproducibility of AE6.6%, 5 robustness of the technique may be further improved by acquiring the calibration spectrum and image in the same breath. 48 Second, we did not control for lung inflation levels during imaging. It is likely that RBC:barrier can be somewhat dependent on lung inflation, especially at residual volume, and this could affect differences between IPF and normal subjects. 37 In our study, we estimate lung inflation was roughly 60% of TLC for healthy subjects and 80% of TLC for IPF patients due to their smaller lung volumes. As a preliminary test of lung inflation effects, we have conducted studies in two healthy volunteers who were imaged at both FRC + 1L and at FRC. Under these deliberately different conditions the mean values and patterns of barrier and RBC transfer were not significantly different. This observation is interesting in its own right and may support the proposal by Qing et al. that lung inflation involves primarily the recruitment of additional alveoli, not increasing their individual volume. 37 However, given the potential impact of lung inflation on RBC transfer, in particular, further detailed investigations are warranted in both healthy subjects and patients with lung disease. 49 And finally, we did not consider the potential effects of regional T2* variation, which could affect the precision of the TE 90 measurement and thus the resulting ratio maps. We also did not consider possible regional variations in TE 90 secondary to regional differences in disease severity, which could also affect the resulting ratio maps. Ultimately, the encouraging results presented here, will benefit from continuing efforts to improve the accuracy with which TE 90 is determined and other image acquisition advances.
Some physiology limitations also exist in our study. First, our healthy reference group was not age matched to the relatively older IPF cohort. It is known that aging affects ventilation, 21, 50 and can reasonably be expected to similarly impair gas transfer. Therefore, future studies must also characterize gas transfer in older healthy subjects to better discriminate true disease from normal aging. Also important to note is that our method currently cannot unambiguously determine whether decreased RBC transfer is caused by diffusion limitation or perfusion deficits. As noted by Agusti et al., 51 the degree to which impaired gas transfer is dominated by ventilationperfusion mismatching versus diffusion impairment changes depending on whether the subject is at rest or exercising. Hence, future studies of 129 Xe gas transfer MRI would benefit from comparison to perfusion imaging approaches, as well as imaging before and after exercise challenge.
CONCLUSIONS
In summary, we have demonstrated a straightforward means to transform single-breath interleaved acquisitions of gas-and dissolved-phase 129 Xe images into quantitative binning maps depicting ventilation, and gas transfer to barrier and RBC compartments. These methods provide an intuitive means to visualize both enhanced barrier uptake and decreased RBC transfer in patients with IPF, while preliminary testing suggests it is also capable of visualizing reduced barrier uptake in emphysema, and diminished RBC transfer in pulmonary vascular disease. Although further study is required to establish the robustness of gas transfer MRI and its dependence on lung inflation, these results suggest that quantitative binning maps of 129 Xe gas transfer could be potentially useful for comprehensive assessment of a wide array of pulmonary disorders.
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